Growth of high-quality single-crystalline InSb layers remains challenging in material science. Such layered InSb materials are highly desired for searching for and manipulation of Majorana fermions in solid state, a fundamental research task in physics today, and for development of novel high-speed nanoelectronic and infrared optoelectronic devices. Here we report on a new route towards growth of single-crystalline, layered InSb materials. We demonstrate the successful growth of free-standing, two-dimensional InSb nanosheets on one-dimensional InAs nanowires by molecular-beam epitaxy. The grown InSb nanosheets are pure zinc-blende single crystals. The length and width of the InSb nanosheets are up to several micrometers and the thickness is down to ~10 nm. The InSb nanosheets show a clear ambipolar behavior and a high electron mobility. Our work will open up new technology routes towards the development of InSb-based devices for applications in nanoelectronics, optoelectronics and quantum electronics, and for study of fundamental physical phenomena.
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Over the past several decades, the inherent scaling limitations of Si electron devices have fuelled the exploration of alternative semiconductors, with high carrier mobility, to further enhance device performance [1] [2] [3] . In particular, high mobility III-V compound semiconductors have been actively studied 4, 5 . As a technologically important III-V semiconductor, InSb is the most desired material system for applications in high-speed, low-power electronics and infrared optoelectronics owing to its highest electron mobility and narrowest bandgap among all the III-V semiconductors. Recently, epitaxially grown InSb nanostructures have been widely anticipated to have potential applications in spintronics, topological quantum computing, and detection and manipulation of Majorana fermions, due to small effective mass, strong spin-orbit interaction and giant g factor in InSb [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . All these applications require a high degree of InSb growth control on its morphology and especially crystal quality 19, 20 .
Unfortunately, due to the intrinsic largest lattice parameter of InSb among all the III-V semiconductors, epitaxial growth of InSb layers faces an inevitable difficulty in finding a lattice-matched substrate. Conventionally, buffer layers with graded or abrupt composition profile are deposited on lattice mismatched substrates to obtain a layer with a required value of lattice constant 21, 22 . Nevertheless, even when the sophisticated buffer-layer engineering is used, the density of dislocations threading to the surface of the buffer from its interface with a lattice mismatched substrate is often too high to grow a high crystal quality InSb layer for fabrication of high-performance nanoelectronics and quantum devices and for study of novel physical phenomena.
Here, we report on the successful growth of novel free-standing high-quality two-dimensional (2D) InSb nanosheets by molecular-beam epitaxy (MBE). A new route of growing high material quality layered InSb structures is discovered, in which free-standing InSb nanosheets are epitaxially grown on InAs nanowire stems and thus the process is independent of buffer-layer engineering. The morphology and size of free-standing InSb nanosheets can be controlled in the approach by tailoring the Sb/In beam equivalent pressure (BEP) ratio and InSb growth time. We demonstrate the growth of free-standing InSb nanosheets with the length and width up to several micrometers and the thickness down to ~10 nm. High-resolution transmission electron microscope (TEM) images show that the grown InSb nanosheets are pure zinc-blende (ZB) single crystals and have excellent epitaxial relationships with the InAs nanowire stems. The formation of the InSb nanosheets is attributed to a combination of vapor-liquid-solid (VLS) and anisotropic lateral growth. Electrical measurements show that the grown InSb nanosheets exhibit an ambipolar behavior and a high electron mobility. These novel, high material quality, free-standing InSb single-crystalline nanosheets have the great potential not only for applications in high-speed electronics and infrared optoelectronics, but also for realization of novel quantum devices for the studies of fundamental physics.
The 2D InSb nanosheets were grown by MBE on free-standing InAs nanowire stems which were first grown on Si (111) substrates using Ag as catalyst in the MBE chamber 23 . Figure 1a shows the schematics for the growth process. We found that the morphology of InSb strongly depends on the Sb/In BEP ratio, and the InSb nanosheets can be realized by tailoring the Sb/In BEP ratio (Supplementary Section S1). For the sample grown with low Sb/In BEP ratio of 1~20, InSb and InAs formed core-shell or axial heterostructure nanowires (Supplementary Figs. S1 and S2). Further increasing the Sb/In BEP ratio, the resulting InSb nanowires have diameters obviously larger than that of the InAs segment (Detailed TEM investigation of a dozen of such nanowires reveals a diameter increase from 130% to 589%, see Supplementary Fig. S3 and Table S1 ). By increasing the Sb/In BEP ratio to the range of 27-80, new geometrically structured materials with each consisting of a 2D InSb nanosheet and a 1D InAs nanowire stem were obtained (Supplementary Figs. S1 and S4). Figures 1b to 1g show the top-view magnified scanning electron microscope (SEM) images of InSb nanosheets grown with an Sb/In BEP ratio of 80. As can be seen, the grown InSb nanosheets have parallelogram shapes. The thicknesses of the InSb nanosheets show significant variation ( Supplementary Fig. S5 ), as roughly measured from SEM images, from ~67 nm (Fig. 1b) , to ~30 nm (Figs. 1c and 1d) , and to the ultrathin value of ~10 nm (Figs. 1e to 1g ). The ultrathin nanosheets can be penetrated easily by the electron beam of the SEM (In Figs. 1e to 1g , features on the substrate surface are clearly visible through the thin InSb nanosheets). Figures 1h and 1i show the side-view magnified SEM images of InSb nanosheets in the same sample and it is clear that the InSb nanosheets can be grown on ultrathin InAs nanowires (~10 nm in diameter) which oriented perpendicular to the substrate surface with a pure wurtzite (WZ) crystal structure 23 . To examine the structural characteristics, crystalline quality and the chemical composition of the grown InSb nanosheets, TEM and energy dispersive x-ray spectroscopy (EDS) measurements were performed. Figure 2a is a bright-field TEM image of a typical InSb nanosheet grown on an InAs nanowire at an Sb/In BEP ratio of 27. The InAs stem is 21 nm in diameter and 725 nm in length, while the InSb segment has a parallelogram shape with side lengths of 380 nm and 508 nm. It is found that the 2D InSb nanosheets can be successfully grown not only on 1D WZ crystalline InAs nanowires ( Supplementary  Fig. S6 ) but also on 1D InAs nanowires with ZB phase, as shown in Fig. 2b . High-resolution TEM images of the side sections (Figs. 2c, 2f and 2h), the corner sections (Figs. 2d and 2g) and the section near the tip (Fig. 2e ) of the InSb nanosheet and the associated Fourier transform (Fig. 2i) , the side facets with low surface energy such as {111} and {011} can be clearly seen in our InSb nanosheets (Fig. 2d, Supplementary Fig. S7 ). High-angle annular dark-field scanning TEM (HAADF-STEM) and corresponding EDS line profiles ( Supplementary Fig. S9 [27] [28] [29] [30] . The remaining spherical catalyst particle on the top of InSb nanosheets is found to be composed of Ag, In and Sb (Fig. 2n) . EDS line point analysis indicates that the InSb nanosheet contains In and Sb with an atomic ratio of ~1:1 and the contents of Ag, In and Sb in the seed particles after the growth of the InSb nanosheets and of the InSb nanowires are similar (Supplementary Table S2 , while the InSb nanosheets show an anisotropic lateral crystal growth. One possible combined VLS and anisotropic lateral growth process of the InSb nanosheets is given in Supplementary Section S6. Although the exact reason for the anisotropic lateral growth of the InSb nanosheets remains to be determined, we believe that the mechanism of combination of the VLS and the anisotropic lateral growth could be used to fabricate other high-quality 2D antimonide nanostructures.
Electronic properties of the grown InSb nanosheets were characterized by electrical measurements. Figure 4a is a tilted-view sketch of the device structure used in the characterization (lower panel) and a corresponding atomic force microscopy image of a typical fabricated device (upper panel). In the device, an InSb nanosheet was contacted by Ti/Au electrodes in a Hall-bar configuration and the carrier density in the nanosheet was modulated by a global back gate. Details about the device fabrication and measurement scheme can be found in Methods and Supplementary Section S7. First, by voltage-biasing the source (S) and drain (D) contacts as shown in Fig. 4a , the 2-probe conductance G, which takes the form G = I ds /V ds , was measured as a function of gate voltage V gs at different temperatures (Fig. 4b, main (Fig. 4b, inset) . At this temperature, G can be gate-tuned from 6G 0 at on state down to 0.008G 0 at off state (G 0 = 2e 2 /h, e is the elementary charge, and h is the Planck constant). Moreover, the G-V gs curves are well reproduced for the upward (blue) and downward (red) back-gate-voltage sweep directions, indicating a good surface quality of our InSb nanosheets, free from major influence of interfacial charge traps in spite of its large surface area. Figures 4c and 4d show the I ds -V ds plots at various gate voltages in an n-and a p-type region, respectively. The linear I ds -V ds curves obtained in the n-type region indicate an ohmic behavior in the electron injection and the absence of Schottky contact barrier. The nonlinear I ds -V ds curves observed in the p-type region indicate, on the contrary, the presence of injection barrier for holes.
To obtain a reliable field-effect mobility, especially at low temperatures, one needs to take into account the contact resistance. Here we adopt a pinch-off trace fitting method 19, 29, 35 . Yet, a major drawback remains in the approach due to the uncertainty in obtaining the gate-to-nanosheet capacitance C g . To circumvent it, the Hall-bar device structure was employed to experimentally extract C g , although C g could be estimated from the geometric size of the device. Figure 5 summarizes the low-field Hall measurement data obtained from a second device (Device 2). The Hall resistance, R xy , is gate-tunable and approaches ~2 kΩ at B  1 T for the low V gs region (Fig. 5a, main panel) . A linear fit to the R xy -B curve yields the Hall coefficient (Fig. 5a, inset) . The carrier density n is then extracted from the gate-dependent Hall coefficient and is found to increase linearly from ~2×10 11 cm -2 to ~1.6×10 12 cm -2 with increasing V gs (Fig. 5b , main panel). Then, a gate-to-nanosheet capacitance C g = 832 μF is determined from the fitting slope of the n-V gs curve, close to the value of ~800 μF estimated based on the geometry of the device. This measured value is used to fit the 2-probe G-V gs curve to evaluate the field-effect mobility of Device 2 ( Fig. 5b, inset) . The analysis yields an electron mobility of ~15,000 cm In conclusion, we demonstrate a new growth route of high-quality 2D InSb layers by MBE. These InSb layers are free-standing 2D InSb nanosheets grown on 1D InAs nanowires, which is independent of conventional buffer-layer engineering. The morphology and size of InSb nanosheets can be controlled by tailoring the Sb/In BEP ratio and growth time. The length and width of the grown InSb nanosheets can be up to several micrometers and the thickness can be down to ~10 nm. The InSb nanosheets are pure ZB single crystals. The electrical measurements show that these InSb nanosheets exhibit a high electron mobility and an ambipolar behavior. Our work opens a conceptually new approach to obtaining high-quality 2D narrow bandgap semiconductor nanostructures, and will speed up the applications of InSb nanostructures in nanoelectronics, optoelectronics and quantum electronics and in the development of topological quantum computation technologies.
Methods
The InAs/InSb nanostructures were grown in a solid source molecular-beam epitaxy (MBE, VG80) system. Commercial p-type Si (111) wafers were used as the substrates. Before loading the Si substrates into the MBE chamber, they were immersed in a diluted HF (2%) solution for 1 min to remove the surface contamination and native oxide. After cleaning, a Ag layer of 2 Å nominal thickness was deposited on the substrate in the MBE growth chamber at room temperature and then annealed in situ at 650 The morphologies of the samples were observed by scanning electron microscope with a Nova NanoSEM 650, operated at 20 kV. Structural characterization was performed using transmission electron microscope (TEM) and samples were removed from the growth substrate via sonication in ethanol and then drop-cast onto a holey carbon film supported by a copper grid. High-resolution TEM images and energy-dispersive x-ray spectrometer (EDS) spectra (including the EDS elemental mapping and line scans shown in was evaluated by scanning TEM, using an FEI Titan, operated at 300 kV and in both the line scan and point analysis modes. Atomic force microscopy measurements were carried out with a Digital Instruments Nanoscope IIIA using silicon tips with a typical resonance frequency of 300 kHz.
For device fabrication, the as-grown InSb nanosheets were first mechanically transferred to a degenerately n-doped Si substrate covered by 105 nm SiO 2 layer, which serves as a global back gate. Then selected nanosheets were optically positioned relative to predefined alignment marks. Finally, the contact electrodes were patterned onto the sample using standard electron-beam lithography process. Prior to electron-beam evaporating a layer of 10/100 nm Ti/Au metal film, the sample was chemically etched for 2 min in a DI water-diluted (NH 4 ) 2 S x solution to remove the surface oxide layer at the contact area. All electrical measurements in this work were performed in a 3 He/ 4 He dilution fridge with a base temperature of 8 mK (Oxford Triton 200). In the 2-probe measurements, only the source/drain (S/D) contacts were dc voltage-biased, and the other four contacts were left floated. In the Hall-bar measurements, the S/D contacts were used to inject a constant dc current bias of ~50 nA through the sample, and the Hall voltage V xy was amplified and recorded simultaneously with respect to the sweep of the magnetic field applied perpendicularly to the plane of the sample/substrate. In the 2-probe G-V gs data, a circuit resistance of ~21.56 kΩ (including RC filters and serial resistors) has been subtracted. 
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Free-Standing Two-Dimensional Single-Crystalline InSb Nanosheets Fig. S1(a) ), the nanowires exhibit tapered morphologies with short lengths since the axial growth rate As can be seen, both the InAs and the InSb sections appear fully un-tapered. The diameter of InSb nanowire is small (~28 nm, Fig. S2 ), indicating the absence of obvious lateral growth. However, further increasing the Sb/In BEP ratio up to 27, it is clear that the resulting InSb nanowires have diameters obviously larger than that of the InAs segment (Fig. S1(c) ). Detailed transmission electron microscope (TEM) observation of a dozen such nanowires revealed a diameter increase from 130% to 589% (Table S1 and InSb islands when the Sb/In BEP ratios is larger than 1. Moreover, the density of the parasitic InSb islands on the substrate surface increases with increasing Sb/In BEP ratio. When the Sb/In BEP ratio is above 120 (Fig. S1(f) ), no InSb nanowires or nanosheets were observed since the InAs nanowires were covered by the parasitic InSb islands. It is worth noting that the lateral growth on the InSb nanowire along the 2 11  and 01 1  directions can be clearly observed. Table S1 lists the diameters of the InAs, InSb and seed particle for 6 representative heterostructure nanowires grown with an Sb/In BEP ratio of 27. In contrast to the small diameter variation of InAs/InSb heterostructure nanowires grown by MOVPE and CBE 3, 4 , here a diameter increase from 130% to 589% occurs. Based on previous works on InAs/InSb and GaAs/GaSb heterostructure nanowires, the following factors have been considered in evaluating the mechanism for the diameter increase. It is believed that the change in particle volume due to the uptake of group-III atoms is the main reason for the diameter increase 3,4,6-8 . A change of particle wetting angle/aspect ratio could also explain part of the diameter increase, but is believed to be only a minor effect 7 . Additionally, the effect of the rotation of the nanowire sidewalls was also considered 4 . We argue, however, that in our system the above reasons cannot be the critical factors for the diameter expansion since the particle volume is relative small, as shown in Table S1 .
We believe that the very large InSb segment diameter is mostly caused by non-seeded lateral growth on the side walls of the nanowires. Table S1 . List of parameters for six InAs/InSb axial heterostructure nanowires (grown with an Sb/In BEP ratio of 27) including diameters of the InAs and InSb sections and the catalyst particle, the percentage increase of the InSb and catalyst particle diameters and the lengths of InAs and InSb. 
S2 Thickness information of the InSb nanosheets
S3 Detailed crystal structure and quality information of InSb nanosheets
S3.1 TEM images of an InSb nanosheet grown on a WZ InAs nanowire
We find that the epitaxial growth of InSb nanosheets on WZ InAs nanowires can also be realized. Figure S6 shows TEM images of an InSb nanosheet grown on a WZ InAs nanowire. Detailed high-resolution TEM images (Figs. S6(b) to S6(f)) indicate that the InSb nanosheet has a ZB crystal structure and no stacking faults or twinning defects are found in the corner and other sections of the nanosheet. The InAs nanowire has a pure WZ crystal structure with a diameter about 15 nm (Fig. S6(g) ).
Clearly, an atomically sharp structure interface (from WZ to ZB) can be observed at the InAs/InSb interface section (Fig. S6(c) ). 
S3.2 Selective area electron diffraction patterns of an InSb nanosheet
To further examine the crystal quality of the InSb nanosheets, selective area electron diffraction pattern (SAED) were performed on different areas of the nanosheets. Figure S7 
S3.3 TEM images of a large size InSb nanosheet
To obtain the more detailed structure of the InSb nanosheets, high-resolution TEM investigations of several InSb nanosheets with large size were conducted and one set of results are shown in Fig. S8 . Figure S8 (Table S2) .
S4 Chemical composition of the InSb nanosheets
S5 Seed-particles information of the InSb nanostructures
S6 A nucleation process of the InSb nanosheets
Figures S11(a) to S11(g) show one vapor-liquid-solid (VLS) and anisotropic lateral growth process of InSb nanosheets. The VLS growth and the anisotropic lateral growth should take place at the same time ( Fig. S11(b) ) instead of sequentially as, evidenced by the fact that the nanosheets are very uniform in size, without any tapering and their sizes depend on the growth time as mentioned above. In our work, InSb evolves from thin nanowires to thick nanowires and to nanosheets with only increasing the Sb/In BEP ratio, we conjecture that the very high Sb flux could result in the formation of unstable droplets as reported in literatures [11] [12] [13] . The unstable droplets could crawl along the direction of triple phase line (one example shown in Figs. S11(b)
to S11(g)), which promotes the growth of the InSb nanosheets with different shapes. 
S7 Summary of the Hall-bar device parameters
Two Hall-bar devices (Dev-1&2) were measured in detail in this work. Figure   S12 shows the AFM images of Dev-1 and Dev-2. Table S3 summarizes the device parameters, including the Hall bar's length (L), width (W), nanosheet thickness (T), gate-to-nanosheet capacitance calculated from geometric size (C g1 ) and from Hall measurement as discussed in the main text (C g2 ). We note that after the sample is loaded into the dilution fridge chamber, a long, continuous vacuum pumping for more than 48 hours before cooling down is found to effectively reduce the devices' resistances by 1 order. Similar effect has been reported in MBE-grown InAs nanowires which may relate to surface de-adsorption of water molecules under high vacuum 14 . Table S3 . Summary of device parameters. The two nanosheets have similar thickness of ~50 nm.
The length-to-width ratio (L/W) is ~3 for Dev-1 and ~1.1 for Dev-2. Compared to the geometric capacitance (C g1 ), the capacitance extracted from Hall measurement (C g2 ) is ~4% larger for Dev-1, while is ~15% smaller for Dev-2.
S8 Extraction of the field-effect mobility in a nanosheet
In a 2D planar transistor, the S/D current ds I is related to the total charge Q via the equation 
Note that the measured resistance comprises of two terms: the sample resistance 
Equations (6) and (8) 
S8.1 Hall measurement on Dev-1
In the main text Fig. 5 , we have shown the Hall results of Dev-2, which is used to extract the gate-to-nanosheet capacitance g C . Similar measurements were also performed on Dev-1 and the data were shown in Fig. S13 . Figure S15 shows a similar measurement on Dev-2. 
